Summary. The yeast two-hybrid system has been used to identify domains of the Newcastle disease virus (NDV) phosphoprotein (P) involved in self-association and interaction with the nucleocapsid protein (NP). Deletion analysis was used to map the domain(s) of the P protein involved in P:P and P:NP interactions. The C-terminal 45 amino acids (residues 247-291) were shown to play a major role in both of the interactions. Comparison of these findings with other reports suggests that paramyxoviruses are different with respect to interaction domain(s) between these two essential viral proteins involved in genome replication. * [8, 24] . In this study we have employed the yeast two-hybrid system to identify domains of the NDV P protein involved in self-association (P:P) and interaction with the NP protein (P:NP o ). Both of the P and NP genes of the virulent, vicerotropic NDV strain AF2240 [13, 14] were cloned in-frame downstream of the regions coding for the LexA DNA-binding domain (BD) in the vector pHyblex/Zeo (Invitrogen, USA) and B42 activation domain (AD) in the vector pYesTryp2 (Invitrogen, USA). pHyblex/Zeo-P (BD-P) was constructed using the same template and oligonucleotide primers containing either an EcoRI site (the 5 primer) or a NotI site (the 3 primer). pYESTryp2-P (AD-P) was constructed by amplifying the entire P gene of NDV using pTrcHis2-P [13] as template and the oligonucleotide primers containing either a HindIII site (the 5 primer: 5 -ATCAAGCTTGCCACCTTTACAGATGCG-3 ) or an XhoI site (the 3 primer: 5 -GCGCTCGAGTTAGCCATTTAGTGCAAG GCG-3 ). To map the domains of P protein involved in the interaction with itself or with the NP protein, a series of P mutant plasmids were similarly constructed via PCR using oligonucleotide primers that spanned the portion of the P gene of interest which contained either HindIII (the 5 primer) or XhoI (the 3 primer) sites. pHyblex/Zeo-NP (BD-NP) and pYESTryp2-NP (AD-NP) were made by amplifying the entire NP gene of NDV using pTrcHis-NP [14] as template with the primer sets containing EcoRI (the 5 primer: 5 -ATCGAATTCTCTTCCGTATTCGATG AA-3 ) and SalI (the 3 primer: 5 -ATCGTCGACTCAATACCCCCAGTCG GT-3 ) or EcoRI (the 5 primer) and NotI (the 3 primer) respectively.
protein and the N:RNA template [6] . The P protein also acts as a chaperone to prevent uncontrolled encapsidation of non-viral RNA by the NP protein [9] . The complex of P with unassembled NP (NP o ) is believed to regulate the switch from transcription to replication [3, 15] . The requirements for the P:L and NP o :P complexes in transcription and replication respectively, have been shown for vesicular stomatitis virus (VSV) [2, 18, 27] and Sendai virus (SeV) [8, 24] . In this study we have employed the yeast two-hybrid system to identify domains of the NDV P protein involved in self-association (P:P) and interaction with the NP protein (P:NP o ).
Both of the P and NP genes of the virulent, vicerotropic NDV strain AF2240 [13, 14] were cloned in-frame downstream of the regions coding for the LexA DNA-binding domain (BD) in the vector pHyblex/Zeo (Invitrogen, USA) and B42 activation domain (AD) in the vector pYesTryp2 (Invitrogen, USA). pHyblex/Zeo-P (BD-P) was constructed using the same template and oligonucleotide primers containing either an EcoRI site (the 5 primer) or a NotI site (the 3 primer). pYESTryp2-P (AD-P) was constructed by amplifying the entire P gene of NDV using pTrcHis2-P [13] as template and the oligonucleotide primers containing either a HindIII site (the 5 primer: 5 -ATCAAGCTTGCCACCTTTACAGATGCG-3 ) or an XhoI site (the 3 primer: 5 -GCGCTCGAGTTAGCCATTTAGTGCAAG GCG-3 ). To map the domains of P protein involved in the interaction with itself or with the NP protein, a series of P mutant plasmids were similarly constructed via PCR using oligonucleotide primers that spanned the portion of the P gene of interest which contained either HindIII (the 5 primer) or XhoI (the 3 primer) sites. pHyblex/Zeo-NP (BD-NP) and pYESTryp2-NP (AD-NP) were made by amplifying the entire NP gene of NDV using pTrcHis-NP [14] as template with the primer sets containing EcoRI (the 5 primer: 5 -ATCGAATTCTCTTCCGTATTCGATG AA-3 ) and SalI (the 3 primer: 5 -ATCGTCGACTCAATACCCCCAGTCG GT-3 ) or EcoRI (the 5 primer) and NotI (the 3 primer) respectively.
Saccharomyces cerevisiae strain L40 that carries the lacz reporter gene was co-transformed using the lithium acetate method [1] . The co-transformed yeast cells were selected on yeast complete minimal medium (YCWZ) containing zeocin (3 mg/ml) but lacking tryptophan. Three independent colonies, which were purified from each co-transformation, were grown in 5 ml of YCWZ broth and assayed for β-gal activity according to Ausubel et al. [1] . Specific β-gal activity (in Miller Units) was calculated using the formula OD420 of clarified reaction mixture×1000/t×v×OD600, where t is the time of incubation (min), v is the volume of culture used in assay (ml) and OD600 is the cell density at the start of the assay.
To eliminate false positive results, various combinations of the recombinant plasmids were co-transformed into competent yeast cells as shown in Table 1 . The co-transformed yeast cells were then assayed for the activation of β-gal reporter gene. The co-transformed parental vectors as well as BD-P, AD-P and BD-NP fusion constructs which were co-transformed separately along with the respective parental vectors, showed no β-gal activity. In contrast, activation of the reporter gene was observed when AD-NP fusion construct was co-transformed with its Self-interaction of P protein BD-P AD-P 300
a pHyblex/zeo and pYesTryp2 are vector encoding the LexA DNA binding domain (BD) and B42 transcriptional activation domain (AD) respectively. Both the NP and P genes have cloned into the both vectors to eliminate false positive results b Average β-gal activity (Miller Units) of 3 independent colonies for each co-transformation parental vector (Table 1) . Therefore BD-NP and AD-P combination of constructs were used for all subsequent P:NP interactions.
The co-transformed BD-P and AD-P fusion constructs showed a very high level of β-gal activity (Table 1) . This indicates the ability of the NDV P protein to oligomerize. To map the self-association domain(s) within P, a series of P deletion mutants (Fig. 1) were then analyzed for their interaction with the fulllength P protein. As shown in Table 2 , decreased β-gal activity was observed for the N-terminal deletion mutants: P 51−395 , P 110−395 , P 147−395 , P 197−395 and P 247−395 , suggesting that the amino-terminus might have a role in self-interaction. However, the mutant P 1−246 failed to interact with the full-length P. This suggests that the N-terminal domains may not be directly involved in P:P interaction. When the N-terminal domain was further deleted to 291 amino acids (P 292−395 ), the P:P interaction was completely abolished, suggesting that the amino acids 247-291 located within the C-terminal half of P may play a major role in the self-association.
To confirm these observations, a series of progressive C-terminal deletions of the P protein were examined for their interactions with full-length P protein.
A deletion of 43 amino acids (P 1−352 ) from the C-terminal end decreased β-gal activity by more than two-fold (Table 2) . Similar results were also observed for P 1−291 . This suggests that the carboxy-terminal end 43 amino acids (P 1−352 ) might be involved in P:P interaction. However, P 292−395 failed to interact with the full-length P protein suggesting that the C-terminal 43 amino acids may not be directly involved in P:P interaction. Instead, this region along with the Nterminal half of the P protein may help in maintaining the protein conformation for self-interaction. When the C-terminal was further deleted to 246 amino acids (P 1−246 ), the P:P interaction was totally abolished. Based on these findings, it can be concluded that P:P interaction domain lies within the amino acids 247-291. For further confirmation, mutant P 197−291 was generated. This mutant contains the amino acids 247-291 which are located within the conserved region in the C-terminal half of the paramyxovirus P proteins [7] . This mutant by itself could bring about 40% of the total wild P:P interaction, indicating that a small portion of C-terminal half of the NDV P protein that retained the 247-291 amino acids plays a major role in self-association. Multimerization of the P protein was first observed for SeV by Markwell and Fox [16] . To date, the P:P interaction domains have been identified in the carboxyterminal half of the P proteins of SeV [7] , mumps virus [7] , human parainfluenza virus type 2 [19] and rinderpest virus [22] . Unlike that of NDV, the P proteins of these viruses oligomerize through coiled coil formation [7] . The presence of only one cysteine residue in the domain identified in this study is insufficient for oligomerization via disulfide bond. It remains to be determined whether the NDV P protein oligomerizes through its phosphorylation site(s), similar to those a The numbers in subscript indicate the amino acid residues cloned b β-gal activity of full length P clone was defined as 100% c Not determined observed for VSV [10] , or whether other mechanisms are responsible for the oligomerization of this protein.
Yeast cells, which were co-transformed with BP-NP and AD-P fusion constructs, showed strong β-gal activity, indicating a specific interaction between NP and P (Table 1) . In order to identify the regions of the P protein involved in the interaction with the NP protein, the various P deletion mutants were examined for their interaction with the full-length NP. As shown in Table 2 , deletion of N-terminal 50 amino acids of P protein (P 51−395 ) increased its interaction with NP protein to more than four-fold. Increased β-gal activities were also observed for P 110−395 , P 147−395 and P 197−395 (Table 2 ). These results indicate that the N-terminal region of P protein up to 196 amino acid residues is not important in the P:NP association. However, decreased β-gal activity was observed in mutant P 247−395 suggesting the possible involvement of the region between 197-246 amino acids. Deletion of an additional 45 amino acids in mutant P 292−395 decreased the β-gal activity by more than 95% (Table 2) suggesting that the amino acids 247-291 may play a crucial role in P:NP interaction. Similarly, a series of C-terminal P protein deletion mutants was analyzed for their interaction with the NP protein. As shown in Table 2 , deletion of the C-terminal 104 amino acids (P 1−291 ) led to more than three-fold increase in β-gal activity, suggesting that this region is not involved in P:NP interaction. When the C-terminal was further deleted to 149 amino acids (P), P:NP interaction was decreased by more than 90%. This observation indicates that amino acids 247-291 may have a major role in the P:NP association. In addition, mutant P which retained amino acids 247-291 showed a very low β-gal activity. This confirmed that amino acids 247-291 in the C-terminal of the NDV P protein are necessary but not sufficient for maintaining the conformation of this protein to interact with NP.
It is possible that the P protein oligomerization may result in the creation of the NP protein-binding site, since the C-terminal region important for P:NP interaction is quite similar to that observed for the localization of the P:P interaction domain which lies within amino acids 247-291 (Table 2) . We have also shown that the N-terminal half of the P protein reduces the level of interaction. When this region was removed (as indicated by mutants P 51−395 , P 110−395 , P 147−395 , and P 197−395 ) the intensity of interaction was increased ( Table 2) . A region with an equivalent function has also been reported for HPIV3 [29] and human respiratory syncytial virus (RSV) [23] P protein when interacting with NP protein. The deletion of 104 amino acids from the C-terminal of the P protein also increased the interaction level, suggesting that this region may be involved in the same function as that of the N-terminal amino acids. The results obtained for NDV P:NP interaction in part is similar to that observed for rinderpest virus where the same domain in the C-terminal half of the P protein was found to be important for NP:P and P:P interactions [22] . However, our findings do not agree with SeV in which the N-terminal amino acids are necessary for a stable interaction of P with NP [8] . In HPIV3 [29] and measles virus [12] however, both N-and C-terminals of P protein are required for P:NP interactions whereas the immediate C-terminal of RSV P protein interacts with NP [23] . Thus, it seems that different domains of the paramyxovirus P proteins interact with NP to carry out the precise function of the P:NP complex in the virus replication.
It is noted that by specific mutation, the P protein mutants used in the experiments may undergo conformational changes that may affect the interacting site(s). Further detailed studies are required to better understand the structure of the interacting domains of P protein with NP protein involved in the replication of paramyxoviruses.
